Introduction {#Sec1}
============

Kidney transplantation is the final therapeutic approach for final-stage renal disease (Ju et al. [@CR8]). In organ preservation, static cold storage with in situ regional cooling confers benefits to the donated kidney (Parsons and Guarrera [@CR15]) and supports graft survival and function (Tingle et al. [@CR25]). Ischemia/reperfusion injury (I/R) is the primary cause of acute kidney injury and a major risk factor for graft rejection, quality, renal fibrosis, and survival (Salvadori et al. [@CR20]; Philipponnet et al. [@CR18]). Bonventre and Yang ([@CR1]) reported that the inflammation associated with ischemic kidney injury may be a critical factor for the development of chronic kidney disease. In addition, accelerated production of reactive oxygen species (ROS), apoptosis, inflammation, and necrosis have been associated with the pathogenesis of ischemic kidney injury (Havasi and Borkan [@CR5]; Patschan et al. [@CR16]). Therefore, inhibition of oxidative stress, apoptosis, and inflammation may represent useful targets for preventing and managing ischemic kidney injury (Silver et al. [@CR22]).

Sesame oil, derived from *Sesamum indicum* L., is abundant in sesamin and sesamol (Mahendra Kumar and Singh [@CR12]) and has shown antioxidative, antiarthritic, and antihepatotoxic effects in animal models (Mahendra Kumar and Singh [@CR12]; Monteiro et al. [@CR13]; Yadav et al. [@CR29]). More specifically, Liu et al. ([@CR10], [@CR11]) reported a protective effect of sesame oil against ischemic kidney injury in a rat model. Similarly, Hsu et al. ([@CR6]) reported therapeutic effects of sesame oil in a rat model of acute kidney injury. Erythropoietin is a hematopoietic hormone produced by fetal liver and kidney in response to inflammation and apoptosis (Zhang et al. [@CR31]). Pellegrini et al. ([@CR17]) and Liu et al. ([@CR10], [@CR11]) reported anti-inflammatory, antioxidant, and antiapoptotic effects of erythropoietin against ischemic kidney injury. Walden et al. ([@CR28]) have reported the functional role of erythropoietin in sepsis. Tascilar et al. ([@CR24]) have reported the protective role of erythropoietin against ALI. Zhang et al. ([@CR33]) have reported protective mechanism of erythropoietin against the rat model of ALI. Therefore, in this study, we evaluated the combined therapeutic efficacy of sesame oil and erythropoietin on ischemic kidney injury following kidney transplantation in a rat model.

Materials and methods {#Sec2}
=====================

Animal care {#Sec3}
-----------

Rats weighing 190--210 g were obtained from the animal house of First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China. The rats were housed in standard rat polypropylene cages (435 × 290 × 150 mm; six rats per cage) and maintained under a 12 h light/12 h dark cycle at a relative humidity of 60 ± 5% and temperature of 25 ± 0.5 °C. Food and water were provided ad libitum. All rats were maintained under appropriate conditions according to the applicable ethical standards for animal welfare. All experiments involving rats were monitored and approved by the ethics committee of First Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China (Ref: 2019/2T×1221).

Experimental model and groups {#Sec4}
-----------------------------

Kidney transplantation was performed according to Cugini et al. ([@CR3]). Rats were assigned to the following experimental groups: the sham, control (kidney transplanted), 1000 U/kg erythropoietin treatment, 1 mL/kg sesame oil treatment, 1000 U/kg erythropoietin + 1 mL/kg sesame oil treatment, and positive control (25 mg/kg cyclosporine A) groups. The dose was given for 21 consecutive days by oral route.

Determination of blood urea nitrogen (BUN), creatinine, and alanine aminotransferase (ALT) levels {#Sec5}
-------------------------------------------------------------------------------------------------

BUN, creatinine, and ALT concentrations were determined using spectrophotometry (UV-2700, Shimadzu, China) according to the manufacturer's instructions (Torres-González et al. [@CR26]).

Determination of lipid peroxidation, ROS, and antioxidant marker levels {#Sec6}
-----------------------------------------------------------------------

Lipid peroxidation and ROS levels in fresh kidney tissue homogenates were determined according to Toufekoula et al. ([@CR27]). Serum levels of superoxide dismutase (SOD), reduced glutathione (GSH), glutathione peroxidase (GPx), and catalase were determined according to Zhang et al. ([@CR33]).

Determination of inflammatory markers {#Sec7}
-------------------------------------

Interleukin (IL)-6, IL-1β, and tumor necrosis factor-α (TNF-α) levels were measured using enzyme-linked immunoassay kits (ThermoFischer Scientific, UK) according to a previously reported method (Kothari et al. [@CR9]).

Histopathological study {#Sec8}
-----------------------

Kidney histopathological analysis was performed according to a previously reported method (Torres-González et al. [@CR26]). Briefly, kidney tissues were immersed in 10% formalin and then embedded in paraffin. Next, 4-µm-thick sections were prepared and stained with hematoxylin and eosin. Kidney tissue sections were examined under a light microscope (Olympus, Japan).

Statistical analysis {#Sec9}
--------------------

Experimental results are presented as mean ± standard deviation. All data were analyzed and compared using analysis of variance followed by Turkey's post hoc test (SPSS 17). A threshold of *P* \< 0.05 was taken to indicate statistical significance.

Results {#Sec10}
=======

Effects of sesame oil and erythropoietin on BUN, creatinine, and ALT levels {#Sec11}
---------------------------------------------------------------------------

The BUN level was increased by 605.9% in I/R control rats compared with sham rats. The BUN level was reduced by 14.7% in the 1000 U/kg erythropoietin treatment group and by 19.8% in the 1 mL/kg sesame oil treatment group compared with the level in the control group. By contrast, the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced the BUN level by 67.3% (Fig. [1](#Fig1){ref-type="fig"}a).Fig. 1Effects of erythropoietin and sesame oil on **a** blood urea nitrogen (BUN), **b** creatinine, and **c** alanine aminotransferase (ALT) levels in rats with ischemic kidney injury after kidney transplantation. \*\*\**P* \< 0.001 vs. sham rats; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 vs. control rats

The creatinine level was increased by 925% in I/R control rats compared with sham rats. Compared with the control group, the 1000 U/kg erythropoietin and 1 mL/kg sesame oil treatments alone reduced the creatinine level by 21.9% and 26.8%, respectively, whereas the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced the creatinine level by 60.9% (Fig. [1](#Fig1){ref-type="fig"}b).

The ALT level was increased by 154.5% in I/R control rats compared with sham rats. Compared with the control group, the 1000 U/kg erythropoietin and 1 mL/kg sesame oil treatments alone reduced ALT levels by 14.5% and 12.7%, respectively, whereas the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced the ALT level by 44.7% (Fig. [1](#Fig1){ref-type="fig"}c).

Effects of sesame oil and erythropoietin on malondialdehyde, ROS, GSH, and antioxidant enzymes {#Sec12}
----------------------------------------------------------------------------------------------

The malondialdehyde (MDA) level was substantially increased by 520.8% in I/R control rats compared with sham rats. Compared with the control group, the 1000 U/kg erythropoietin and 1 mL/kg sesame oil treatments alone reduced the MDA level by 11.8% and 22.7%, respectively. By contrast, the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced the MDA level by 63.4% (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Effects of erythropoietin and sesame oil on malondialdehyde (MDA) levels in rats with ischemic kidney injury after kidney transplantation. \*\*\**P* \< 0.001 vs. sham rats; ^\#^*P* \< 0.05 and ^\#\#\#^*P* \< 0.001 vs. control rats

ROS levels were substantially increased in I/R control rats compared with sham rats. Compared with the control group, the 1000 U/kg erythropoietin and 1 mL/kg sesame oil treatments alone reduced ROS levels by 21.5% and 35.6%, respectively, whereas the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced ROS levels by 62.1% (Fig. [3](#Fig3){ref-type="fig"}). GSH, GPx, SOD, and catalase levels were substantially reduced in I/R control rats compared with sham rats. However, the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) increased to the near normal range (Fig. [4](#Fig4){ref-type="fig"}).Fig. 3**a** Microscopy images and **b** representative reactive oxygen species (ROS) levels after erythropoietin and sesame oil treatment in rats with ischemic kidney injury after kidney transplantation. \*\*\**P* \< 0.001 vs. sham rats; ^\#^*P* \< 0.05 and ^\#\#^*P* \< 0.01 vs. control rats Fig. 4Effects of erythropoietin and sesame oil on the levels of antioxidants **a** superoxide dismutase (SOD), **b** catalase, **c** glutathione peroxidase (Gpx), and **d** reduced glutathione (GSH) in rats with ischemic kidney injury after kidney transplantation. \*\*\**P* \< 0.001 vs. sham rats; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 vs. control rats

Effects of sesame oil and erythropoietin on inflammatory markers {#Sec13}
----------------------------------------------------------------

IL-6, IL-1β, and TNF-α levels were substantially increased in I/R control rats compared with sham rats. Administration of 1000 U/kg erythropoietin and 1 mL/kg sesame oil alone slightly reduced IL-6, IL-1β, and TNF-α levels compared with the control group. By contrast, the 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment significantly (*P* \< 0.05 vs. control) reduced these inflammatory markers (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Effects of erythropoietin and sesame oil on levels of the inflammatory markers **a** IL-6, **b** IL-1β and **c** TNF-α in rat with ischemic kidney injury after kidney transplantation. \*\*\**P* \< 0.001 vs. sham rats; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 vs. control rats

Effects of sesame oil and erythropoietin on renal histopathology {#Sec14}
----------------------------------------------------------------

Histopathological analysis showed normal renal parenchyma, glomeruli, and tubules in sham rats but tubular epithelial necrosis in the cortex and medullary region in control rats (Fig. [6](#Fig6){ref-type="fig"}). The 1000 U/kg erythropoietin + 1 mL/kg sesame oil combination treatment markedly reduced necrosis compared with the individual 1000 U/kg erythropoietin and 1 mL/kg sesame oil treatments (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Histopathological images showing the protective effect of erythropoietin and sesame oil in rats with ischemic kidney injury after kidney transplantation. The erythropoietin and sesame oil combination treatment markedly reduced necrosis. Magnification: ×40

Discussion {#Sec15}
==========

In this study, we measured BUN, creatinine, ALT, MDA, ROS, antioxidant, and inflammatory marker levels to assess the renoprotective effects of erythropoietin and sesame oil combination treatment. The results showed a significant protective effect of the combination treatment, which resulted in recovery of these levels disrupted by I/R. Our findings are in agreement with previous reports; for instance, Zhang et al. ([@CR32]) observed a protective effect of erythropoietin in I/R after kidney transplantation. Liu et al. ([@CR10], [@CR11]) reported anti-inflammatory, antioxidant, and antiapoptotic effects of erythropoietin against ischemic kidney injury. Meanwhile, several researchers reported antioxidative, antiarthritic, and antihepatotoxic effects of sesame oil in animal models (Yadav et al. [@CR29]). Liu et al. ([@CR10], [@CR11]) reported a protective effect of sesame oil against ischemic injury in the kidney of a rat model, and Hsu et al. ([@CR6]) reported therapeutic effects of sesame oil in a rat model of acute kidney injury.

Several researchers have reported the occurrence of renal ischemia in major surgeries, kidney transplantation, and sepsis (Doi [@CR4]). ROS are released during I/R and play a primary role in kidney tissue injury (Salvadori et al. [@CR20]). Hu et al. ([@CR7]) reported that kidney tissue injury induces inflammatory reactions and subsequent release of proinflammatory markers. Such inflammatory reactions affect kidney function and increase proinflammatory markers, as evidenced by increased BUN, ALT, and creatinine levels. In this study, combined erythropoietin and sesame oil treatment significantly reduced BUN, ALT, and creatinine levels, confirming the renoprotective effect of this treatment.

IL-6, IL-1β, and TNF-α are involved in I/R-mediated kidney injury (Nechemia-Arbely et al. [@CR14]). Su et al. ([@CR23]) reported that accelerated production of IL-6 increased renal injury and inflammation and subsequently oxidative stress. ROS levels are increased in ischemic kidney injury and are a key driver of cellular injury (Ratliff et al. [@CR19]). Buys-Gonçalves et al. ([@CR2]) reported the pathophysiological role of free radicals in ischemic kidney injury. By contrast, cellular antioxidants such as catalase, SOD, and GPx prevent the detrimental effects of free radicals generated by ROS. In this study, combined treatment with sesame oil and erythropoietin significantly increased levels of these antioxidants while reducing the level of MDA. Our results suggest that the combined treatment of sesame oil and erythropoietin represents a potential therapeutic approach for ischemic kidney injury after kidney transplantation.
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